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The role of antioxidant enzymes including catalase in health and disease is under increasing investigation. Much recent evidence is suggesting that free radicals may be important in initiating several pathophysiological processes, especially ischemic-perfusion injury. 3, 4 Because much of this damage occurs within cells, the antioxidant activity in tissue is considered to be more relevant than that in plasma. The measurement of antioxidant enzyme activity in erythrocytes has been used as an index of the overall tissue activity. 4 Since all aerobic microbes have catalase, the activity is related to the number of microbes. Using the principle, microbial counting of foods, such as milk, can be achieved. 5 The use of the principle would be expected to reduce the time required for the microbial counting of foods. Several methods have been described for measuring catalase activity, most of these being modifications of the initial approach reported 50 years ago by Chance and Herbert. 6 In this method, the amount of hydrogen peroxide decomposed by the enzyme during a defined time interval is determined by measuring the decrease in the absorbance of hydrogen peroxide at 240 nm. Other reported methods for determining catalase activity in blood and tissues include the titrimetric determination of hydrogen peroxide and immunoprecipitation. 7 These methods are tedious, not selective and not easily automated. An amperometric assay using a Clark oxygen electrode has been developed based on the determination of oxygen production by catalase activity. The method is selective and can be easily automated if the dissolved oxygen can be conveniently removed before the assay and the substrate hydrogen peroxide can be stably supplied. 5 In order to achieve convenient removal of dissolved oxygen and a stable supply of hydrogen peroxide, in the present investigation, the authors designed a novel flow-injection assay (FIA) system for catalase activity using an enzyme reactor in which an oxidase was immobilized and the substrate was continuously pumped to reduce the dissolved oxygen and generate a given level of hydrogen peroxide.
Experimental
Reagents DL-Glyceraldehyde, catalase (EC 1.11.1.6; 46500 units/mg protein) from bovine liver, glucose oxidase (EC 1.1.3.4; 166 units/mg powder) from Aspergillus niger, alcohol oxidase (EC 1.1.3.13; 11 units/mg powder) from Hansenula sp. were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The catalase activity of the preparation was determined based on a spectrophotometric method by the absorbance of hydrogen peroxide. 8 Xanthine oxidase (EC 1.1.3.22; 0.27 units/mg powder) from butter milk and uricase (EC 1.7.3.3; 3.1 units/mg powder) from yeast were obtained from Oriental Yeast Co. (Tokyo, Japan). CNBr-activated Sepharose 4B was purchased from Amersham Biosciences (Uppsala, Sweden). All other reagents were of analytical reagent grade and were used without further purification. All solutions were prepared with water purified by a Milli-Q system (Millipore, Tokyo, Japan).
Immobilization of enzymes
Glucose oxidase (3000 units), xanthine oxidase (1.9 units), alcohol oxidase (55 units) or uricase (48 units) was immobilized on CNBr-activated Sepharose 4B (0.25 g in dry weight), as previously reported, and then packed into an acrylic tube (2 mm i.d. × 6.4 cm). 9 The enzyme reactor was stored in a 50 mM phosphate buffer (pH 8.0) at 5˚C.
Flow system
A schematic diagram of the flow system with a double line is shown in Fig. 1 . A Teflon tube (0.86 mm i.d. and 1.4 mm o.d.) was used throughout the flow system. The distance between the confluence point and the inlet of the enzyme reactor and between the outlet of the reactor and the flow-through cell were both 5 cm. The substrate solution (corresponding substrate to each enzyme immobilized in a reactor; solution A) was pumped through one line and the carrier solution (100 mM phosphate buffer; solution B), into which the sample solution was injected, was fed through another line. Both lines were pumped at the same flow rate with a peristaltic pump (Miniplus 3, Gilson; Villers, France). These two lines were combined before reaching the enzyme reactor. Since the substrate solution was continuously fed into the enzyme reactor, the dissolved oxygen was consumed and at the same time hydrogen peroxide, which was the substrate for catalase, was generated. When the sample solution (20 µl) containing catalase was injected into the carrier stream, a part of hydrogen peroxide was decomposed to oxygen and water, depending on the activity. The recovered oxygen level was amperometrically monitored with a Clark-type oxygen electrode (DKK-TOA corporation, IOL-50) fixed in a flow-through cell (DKK-TOA corporation, FLC-41) as a positive peak. The total flow rate was fixed at 0.5 ml/min, unless otherwise mentioned. The determinations were carried out at 25˚C.
At the beginning of the experiment, the enzyme reactor was set in the line of solution A before the confluence point. Solution A, containing the formed hydrogen peroxide and consumed oxygen, was mixed with solution B, in which the sample was injected.
Glycation incubations
Phosphate buffer (50 mM, pH 7.4) containing 10 mM or 25 mM glyceraldehyde, 210 units/ml catalase, and 150 mM NaCl was incubated at 37˚C. Control incubations were also carried out without the carbonyl compound.
Results and Discussion

Selection of immobilized oxidase
As the first FIA system, an enzyme reactor in which glucose oxidase was immobilized was set in the line of solution A (100 mM phosphate buffer, pH 7.0) before the confluence point. Solution A, containing the formed hydrogen peroxide and consumed oxygen, was mixed with solution B in which the sample was injected. When the dependence of the glucose concentration on the baseline current was examined without the injection of a catalase preparation, the baseline current (about 1.4 µA for buffer) was remarkably affected by the distance between the outlet of the enzyme reactor and the flow cell equipped with the oxygen electrode. The longer was the distance, the larger was the current (for example; when 1 mM glucose was pumped at 0.5 ml/min using the mixing coil of 5 cm and 173 cm, the current was 0.314 and 0.995 µA, respectively), suggesting that the formed hydrogen peroxide was decomposed to again generate oxygen. Although the details of the decomposition mechanism remain to be solved, the instability of hydrogen peroxide may have been caused by touching the Teflon tubing.
Due to this finding, we designed the configuration shown in Fig. 1 as a second flow system. In this system, the formation of hydrogen peroxide and decomposition with catalase occur at the same time in the reactor. If the oxidase substrate is present in an excess amount compared with the concentration of dissolved oxygen, the dissolved oxygen is used up and an excessive amount of the substrate still remains in the reactor. When catalase is injected as a sample into the FIA system under these conditions, the oxygen formed by the decomposition of hydrogen peroxide again should be employed in the oxidation of the excessive substrate, and thus the peak response corresponding to catalase activity can apparently be expected to be reduced. Therefore, the selection of an optimal substrate 472 ANALYTICAL SCIENCES MARCH 2004, VOL. 20 Fig. 1 Schematic diagram of the FIA system for catalase activity. P, pump; IV, injection valve; FC, flow cell; OE, oxygen electrode; R, recorder. Fig. 2 Effect of the concentration of ethanol on the peak ( ) and baseline current ( ). The conditions used were as follows: catalase, 210 units/ml in 100 mM phosphate buffer (pH 8.0); flow rate, 0.5 ml/min; carrier solution, 100 mM phosphate buffer (pH 8.0); reactor, immobilized alcohol oxidase. Fig. 3 Effect of the concentration of hypoxanthine on peak ( ) and baseline current ( ). The conditions used were as follows: catalase, 210 units/ml in 100 mM phosphate buffer (pH 8.0); flow rate, 0.5 ml/min; carrier solution, 100 mM phosphate buffer (pH 7.5); reactor, immobilized xanthine oxidase.
concentration should be a prerequisite for constructing the system. Because the immobilized enzyme continuously acts as a generator of hydrogen peroxide, the stability of the conversion efficiency is also an important criterion for the selection. The carrier (solution A) containing various concentrations of glucose was continuously pumped through the glucose oxidase reactor. The baseline current and each peak current when 2100 units/ml catalase preparation was injected were monitored (data not shown). Even if the concentration of glucose increased up to 1 mM (the final concentration, 0.5 mM), the peak current did not reach a plateau. The level of the oxygen concentration that the carrier solution contained under these conditions was below 0.3 mM, and thus excessive glucose should be present at the outlet of the enzyme reactor. This probably resulted in the smaller response (about 0.05 µA for 2100 units/ml catalase) compared with that of the other oxidases described later. Although the immobilized amount of enzymes used was not compared, a bound amount of glucose oxidase may have been significantly lower among other enzymes.
Similar examinations were performed using immobilized alcohol oxidase, xanthine oxidase and uricase (Figs. 2 -4) . Alcohol oxidase showed a maximum response at 0.5 mM (final concentration, 0.25 mM) and a higher response than that obtained by glucose oxidase was observed, even when 210 units/ml catalase was injected. Xanthine oxidase and uricase indicated the maximum response at 0.2 mM and 0.4 mM (final concentrations, 0.1 mM and 0.2 mM), respectively. Since xanthine oxidase converts hypoxanthine to uric acid by two steps, those concentrations can be recognized to be equivalent. The appearance of the maximum suggests that each substrate became excessive against dissolved oxygen beyond the concentration and regenerated oxygen by injected catalase, because the sample was again consumed by the oxidation of excessive substrate.
Three enzymes other than glucose oxidase were employed in the continuous formation of hydrogen peroxide at each concentration giving a maximum response for 210 units/ml catalase. As shown in Table 1 , xanthine oxidase and alcohol oxidase showed a tendency for the baseline current to increase, indicating that the conversion efficiency reduced during a 500-min continuous operation. In contrast, no significant change in the baseline current for uricase was observed. This result means that uricase is most suitable for the continuous formation of hydrogen peroxide among the oxidases used in the present investigation. In subsequent experiments, uricase was used as the enzyme reactor.
FIA system using immobilized uricase
The effect of the pH of the carrier solutions A and B on the response for 210 units/ml catalase preparation was examined from pH 7.0 to 10.0 (Fig. 5) . In the range from pH 8.0 to 10.0 (100 mM borate buffer), a larger response was obtained closer to pH 8.0. This tendency was also recognized in the pH range of 7.0 to 8.0 (100 mM phosphate buffer). A comparison between borate, which can activate uricase, and phosphate buffer of pH 8.0 showed that phosphate produced a larger response, reflecting the buffer dependence of catalase, rather than uricase. From this result, a 100 mM phosphate buffer (pH 8.0) was used in a subsequent experiment. The effect of the flow rate on the response for 210 units/ml catalase was examined in the range of 0.25 -1.0 ml/min. The peak response was almost constant from 0.25 to 0.5 ml/min. A tendency for the peak response to decrease was recognized beyond 0.5 ml/min. From a consideration of the sampling frequency and a larger response, we selected 0.5 ml/min as the optimum flow rate.
Several standard solutions of catalase preparation were prepared and the relationship between the activity and the peak height of the FIA signal was investigated under the optimum conditions. A linear calibration curve was obtained from 21 to 210 units/ml with a correlation coefficient of 0.998 (Fig. 6) . The lower detection limit was also 21 units/ml. This corresponds to 9.5 ng/20 µl as a protein amount, comparable to the competitive assay using peroxidase. 10 The relative standard deviation for 35 successive determinations of 210 units/ml catalase was 1.5%. The sampling frequency was about 15 samples/h.
The operational stability of the immobilized enzyme reactor Fig. 4 Effect of the concentration of uric acid on peak ( ) and baseline current ( ). The conditions used were as follows: catalase, 210 units/ml in 100 mM phosphate buffer (pH 8.0); flow rate, 0.5 ml/min; carrier solution, 100 mM phosphate buffer (pH 8.0); reactor, immobilized uricase. Fig. 5 Effect of the carrier buffer on the peak and baseline current. Catalase (210 units/ml) in 100 mM phosphate buffer (pH 8.0) was injected against a carrier buffer containing 0.4 mM uric acid. Each peak ( , 100 mM borate buffer; , 100 mM phosphate buffer) and baseline current ( , 100 mM borate buffer; , 100 mM phosphate buffer) was plotted against the pH.
was estimated by repeating an 8-h continuous operation per day. No significant change in the baseline current was recognized within 5 days and a constant response for the catalase preparation was obtained. The baseline current gradually decreased after 5 days, and at the same time the peak current was lowered.
Monitoring of catalase inactivation by glycation
Oxidative mechanisms are thought to have a major role in several biological phenomena, including cataract formation and carcinogenesis. 11 Catalase is one of the antioxidant enzymes which can protect our health from the oxidative stress. 1, 2 However, catalase is known to be easily inactivated by glycation with some reactive carbonyl compounds, such as glucose, fructose and ribose, as well as another typical antioxidant enzyme, superoxide dismutase. 12 As a practical application, in the present investigation, the inactivation of catalase by glycation was monitored using the present FIA method. Figure 7 depicts the time course of the catalase activity during the incubation with glyceraldehyde. As previously reported by us, glyceraldehyde is a strong glycating agent and superoxide dismutase was rapidly inactivated by glycation with glyceraldehyde. 13 It was indicated, as shown in the figure, that catalase is also easily inactivated with glyceraldehyde. Moreover, the rapid inactivation can be continuously monitored in a short interval, such as 4 min, by using the present FIA system. This application should help to elucidate the complicated mechanism on rapid inactivation of catalase with glycation.
In conclusion, the present method has several advantages as follows. The method has a high rapidity and convenience. It is possible to use an oxygen electrode in spite of no complicated procedure and special apparatus to remove dissolved oxygen.
The use of the oxygen electrode is attractive due to its high selectivity. The method is economical because no special reagent is needed, except for uric acid. This means that analysts may not handle unstable and irritating hydrogen peroxide. Therefore, the authors believe that the present method has wide applicability to diverse fields, such as biochemistry, clinical chemistry and food chemistry.
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ANALYTICAL SCIENCES MARCH 2004, VOL. 20 Fig. 6 Calibration curve of catalase. The conditions used were as follows: flow rate, 0.5 ml/min; carrier solution, 100 mM phosphate buffer (pH 8.0) containing 0.4 mM uric acid. Fig. 7 Time course of the catalase activity during incubation with glyceraldehyde (0 mM, ; 10 mM, ; 25 mM, ). Catalase (210 units/ml) in 50 mM phosphate buffer (pH 7.4) containing 150 mM NaCl was incubated at 37˚C. The activity was expressed as the relative one against the initial activity.
